The mouse mu opioid receptor (MOR) gene has two promoters, referred to as distal and proximal promoter. Previously our colleagues reported that a 26 bp cis-acting element of the mouse MOR gene activates MOR gene expression. Here, we report the cloning of four members of the poly(C) binding protein (PCBP) 
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INTRODUCTION
Opioids exert their pharmacological and physiological effects through binding to their endogenous receptors. There are, at least, three major types of opioid receptors, namely mu, delta and kappa (µ, δ and κ) (Kieffer, 1995) . These receptors belong to the superfamily of G protein-coupled receptors (GPCR). Expression of opioid receptors is mainly limited to the central nervous system (CNS), and each receptor type has a distinct distribution pattern (Bausch et al., 1995; Minami and Satoh, 1995) . These receptors regulate responses to pain, stress and emotions when being activated by structurally related endogenous opioid peptides.
The mu opioid receptor (MOR) is of particular interest, as it is the receptor which mediates important opioid effects like analgesia and addiction (Chaillet et al., 1984) . The mouse knockout studies have also concluded MOR to be the main opioid receptor involved in analgesia (Kieffer, 1999) .
Ever since the cloning of the mu opioid receptor (Chen et al., 1993; Wang et al., 1993; Thompson et al., 1993) , several laboratories, including ours, have been working toward understanding the MOR gene regulation. The MOR gene utilizes two TATA less promoters; the distal and proximal promoters, both of which are about 500 bp apart and located within 1 kb of the translation start site. Recently, another promoter was reported located about 10 kb upstream to these dual promoters (Pan, 2002) . The proximal promoter is used preferentially, accounting for about 95% of total MOR transcripts (Ko et al., 1997) . Transcription of MOR from the distal promoter starts at 794 bp upstream of the translation start site (Liang et al., 1995) , however multiple transcription sites located between 268-291 bp upstream to the start codon have been observed for proximal promoter (Min et al., 1994) . The proximal promoter is regulated by several cis-elements and trans-acting factors, including a neuron restrictive This article has not been copyedited and formatted. The final version may differ from this version. (Kim et al., 2004) , an AP2-like element (Ko et al., 2003) and canonical Sp binding sites (Ko et al., 1998) . Recently, we reported a 26 bp polypyrimidine rich cis-element in the MOR proximal promoter located at -334/-308, very close to the transcription initiation sites (Ko and Loh, 2001 ). This stretch of pyrimidine rich bases is able to form single-stranded DNA like structure and can bind to single strand nucleic acid binding proteins. Later, we identified the interacting protein with the polypyrimidine rich element to be a poly(C) binding protein (PCBP) (Ko and Loh, 2005) .
Poly(C) binding proteins (PCBPs) belong to a family of RNA-binding proteins which are characterized by high affinity and sequence-specific interaction with poly r(C). These
PCBPs have been divided into two sets in mammalian cells; hnRNP K/J (Matunis et al., 1992) and the α CP proteins (α-complex proteins). The widely studied PCBPs are hnRNP K, α CP-1, and α CP-2. The latter two proteins are also known as PCBP1 and PCBP2 or hnRNP E1 and hnRNP E2, respectively (Kiledjian et al., 1995; Leffers et al., 1995) . Recently, two other members of the PCBP family were discovered and named PCBP3 and PCBP4 (Makeyev and Liebhaber, 2000) . All members of the PCBP family are evolutionary related, and the common feature of all PCBPs is the presence of three KH (hnRNP K homology) domains; two of them located at N-terminus and a third one located at the C-end (Makeyev and Liebhaber, 2002) .
The KH domains are about 70 amino acid long RNA binding modules; however, they do not provide binding specificity to poly(C) (Dejgaard and Leffers, 1996) . Members of this PCBP family are involved in multiple functions through their poly(C) binding nature. They can act as the mRNA stabilizer through interaction with 5' untranslated region (UTR) (Holcik and Liebhaber, 1997; Weiss and Liebhaber, 1995) or a translational silencer by binding to 3' UTR (Collier et al., 1998; Ostareck et al., 1997) .
This article has not been copyedited and formatted. The final version may differ from this version. 
galactosidase activities of each lysate were measured using assays kits as described by the manufacturer (Promega). 
In Vitro Translation
10 annealed and labeled with T4PNK. The end-labeled DNA probes were incubated with TNT reaction products of PCBP expression constructs in a final volume of 20 µ l EMSA buffer (10 mM Tris, pH 7.5, 5% glycerol, 1 mM EDTA, 50 mM NaCl, 1 mM dithiothreitol and 0.1 mg/ml poly dI-dC) at room temperature for 20 min. For oligonucleotide competition analysis, a 100-fold molar excess of cold competitor oligonucleotide was added to the mixture prior to adding the probe. The reaction mixtures were electrophoresed in a 4% polyacrylamide nondenaturing gel in 0.5 X TBE (45 mM Tris-borate and 1 mM EDTA) at 4°C and the gel was dried. Gel was exposed to phosphoimaging screen and scanned on PhosphoImager.
Chromatin Immunoprecipitation (ChIP) Assay NMB cells transiently transfected with HA-tagged PCBP were used for ChIP assay using the protocol from Upstate Biotechnology (Lake Placid, NY). Twenty-four hrs after transfection of NMB cell with Effectene transfection reagent (Qiagen), chromatin was cross-linked by the addition of formaldehyde to the culture medium at a final concentration of 1% and incubated for 10 min at 37°C. Cells were washed twice with PBS containing protease inhibitor cocktail (Roche).
Washed cells were counted and 1 x 10 6 cells were resuspended in 200 µl of SDS lysis buffer (Zhang and Dufau, 2002) . We determined conditions to produce sheared chromatin of average lengths between 0.5 and 1.5 kb using a cell destructor (Ultrasonic Inc.). Each sample was sonicated using the cell destructor at 30% intensity for 6 x 10 s bursts with a gap of 30 s between each burst. Cells were maintained on ice throughout. Sheared chromatin was centrifuged for 10 min at 14,000 g at 4°C, after which the supernatant was diluted 10-fold with dilution buffer (Zhang and Dufau, 2002) . As input control, 1% of each diluted supernatant was retained at this step. Chromatin was pre-cleared for 1 h at 4°C with 75 µl 50% Protein G agarose (Invitrogen), 20 µg of sonicated and sheared salmon sperm DNA, and 50 µg of BSA.
Anti-HA antibodies (2 µg) (Roche) were added to pre-cleared supernatant, and the This article has not been copyedited and formatted. The final version may differ from this version. 
immunoprecipitates were allowed to form overnight at 4°C with end-over-end rocking.
Immune complexes were incubated for 1 h at 4°C with 60 µl of 50% Protein G agarose beads and 4 µg of sonicated and sheared salmon sperm DNA, and then centrifuged gently for 1 min at 4°C. Beads were washed four times for 5 min, and eluted twice in 250 µl of fresh elution buffer (1% SDS, 0.1 M NaHCO 3 ). Samples were heated at 65°C for 4 h to reverse cross-links, and the DNA samples were purified by phenol/chloroform extraction followed by ethanol precipitation. The purified DNA was resuspended in 50 µl of H 2 O. PCR reaction mixture contained 2 µl of the DNA template with the MOR specific primers (Forward, 5'-CCAACCCTTCTCTCCATCTC-3' and Reverse, 5'-TATAGCCCCCTCCCACCTTA-3') spanning the human MOR promoter region, in a total volume of 20 µl. After 35 cycles of amplification, 5 µl of the PCR product was analyzed on a 2% agarose gel.
Decoy Oligonucleotide Approach in NMB Cells
In the decoy oligonucleotide approach, double-stranded oligonucleotides with specific binding sequences for transcription factors (PCBPs) were transfected into cells to selectively disrupt the function of these binding factors. In this case, transcription factors interact with an excess of decoy oligonucleotides instead of binding to the natural regulatory motifs of genes (Bielinska et al., 1990; Kraus et al., 2003) . proteins were translated in vitro using TNT kit. The binding assay was done at room temperature for 20 min and the products were electrophoresed on a 4% non-denaturing PAGE.
As shown in Fig.1B , a specific protein-probe complex band was observed with PCBP1. A 100-fold molar excess of unlabeled DS or SS oligonucleotide completely inhibited the complex formation. There was no complex formation in the absence of the translated protein product (probe only). With DS oligos also, the PCBP1-DNA complex was clearly evident, even though the binding efficiency was much lower as compared to the ssDNA oligos.
EMSA with other PCBP family members (PCBP2, PCBP3 and PCBP4) and the above probe yielded similar kind of results as in case of PCBP1 (Fig. 1C) . These results clearly demonstrate that PCBPs bind to the MOR proximal promoter region and bind to DS as well as SS DNA in vitro. 
Specific Binding of PCBP Family Proteins to the MOR Promoter In Vivo

PCBPs Act as Transcription Factor and Induce the Expression of Endogenous
MOR.
Earlier experiments suggested that PCBPs bind to the MOR proximal promoter region, thereby inducing the proximal promoter activity in reporter assays. Our next aim was to determine the role of PCBPs in regulating endogenous MOR expression in NMB cells. We transfected each expression construct of PCBP family or vector (pcDNA3.1) alone into the human NMB neuroblastoma cells. Twenty-four hrs after transfection, the total RNA was isolated, and RT-PCR was done to determine the MOR mRNA level using a pair of MOR specific primer. As shown in Fig.3A , endogenous MOR mRNA expression increases significantly in PCBPs transfected cells. All four members of PCBP family were able to induce the MOR expression by 2.5-4.5 fold.
In order to convincingly show that PCBPs can directly enhance the rate of transcription of MOR gene, a nuclear run-off in vitro transcription assay was performed. We transfected each of the PCBPs in neuroblastoma NMB cells and determined the rate of nascent MOR mRNA transcripts. The nascent mRNA transcripts elongated in the isolated nuclei were labeled with [α-32 P] UTP and hybridized to MOR or actin specific probes. Our results showed that over expression of PCBPs causes a significant increase in nascent MOR mRNA synthesis (2-4 fold as compared to vector transfected control), while the rate of β -actin mRNA synthesis remains largely unchanged (Fig. 3B) . These results suggest that PCBPs act as a transcriptional factor and enhance the transcription rate of MOR. only transfected control cells (arbitrarily defined as 1-fold) (Fig. 4) . These findings suggest that all four PCBP family members can directly activate the MOR proximal promoter activity at varying rate. siRNA Mediated Inhibition of PCBP Expression Our data showed that PCBPs bind directly to the MOR proximal promoter region and increase transcription activity.
Effect of PCBP Family on MOR Proximal Promoter Activity
siRNAs have been used extensively to study or confirm the gene function in the mammalian system. We used duplex siRNAs against PCBPs individually and in combination to inhibit the expression of PCBPs family and studied their effects on MOR gene expression. There was not effect on the MOR expression level when the cells were transfected with siRNA against on type of PCBP (Fig. 7B) , even though the expression of that particular type of PCBP was decreased (Fig.7A) , indicating a redundancy in PCBP functions. Only inhibition of all PCBPs expression by siRNA treatment caused a decrease in MOR mRNA level (Fig. 7B) Our results indicate that multiplexing of siRNAs for all four PCBPs causes significant inhibition of MOR mRNA level as evidenced by RT-PCR (Fig. 7) , indicating that perhaps all
PCBPs may mainly contribute to the regulation of MOR gene expression in NMB cells.
DISCUSSION
Our group previously reported that a 26 nucleotide long cis-element rich in polypyrimidine residues in MOR proximal promoter can adopt ssDNA structure and interact with the nuclear proteins. In this study, we demonstrated that this polypyrimidine tract interacted with a family of PCBPs (Ko and Loh, 2005) . Despite their recognized function as RNA-binding proteins, PCBPs appeared to also function to directly activate gene transcription of the MOR gene.
The proximal promoter of the mouse MOR gene is known to be regulated by various cis-elements and trans-factors, all of these elements are important in regulating proximal promoter activities. These features are unique in the proximal promoter of mouse MOR, as compared to the promoter of other opioid receptor genes (kappa and delta). Thus, the proximal promoter regulation of mouse MOR gene is under a fine and tight control (Ko and Loh, 2001; Ko et al., 2003; Kraus et al., 2001; Law et al., 2000) . The -340/-301 region in MOR proximal promoter is rich in pyrimidine residues, especially the cytosines. PCBPs belong to a family of nucleic acid binding proteins which interact with poly(C) sequences with high affinity and specificity (Makeyev and Liebhaber, 2002) . Since, there is no mouse neuronal cell line endogenously expressing MOR available so far, we performed all our studies in a human neuroblastoma cell line NMB, which expresses MOR endogenously.
PCBPs have been involved in a spectrum of posttranscriptional controls. First insights into the functions were obtained from investigation of human α-globin mRNA stabilization (Weiss and Liebhaber, 1995) . Stabilization of α-globin mRNA is tightly linked to formation of a binary complex between a single molecule of PCBPs and pyrimidine-rich region within the α-globin. We performed nuclear run-off assay in PCBP transfected NMB cells and determined shown to interact directly with TATA binding protein (TBP), a component of RNA polymerase complex (Michelotti et al., 1995) . In a recent study using PCBP2, it was shown that PCBP2 can interact with 160 different types of mRNA and regulate a number of cellular processes (Waggoner and Liebhaber, 2003) .
Figure legends (A) Single-stranded and Double-stranded sequence was used as a probe in EMSA analysis.
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